N onunion of a fracture of the surgical neck of the humerus is a disabling condition that leads to pain and loss of shoulder function [1] [2] [3] [4] [5] [6] [7] . Several surgical treatment options have been described, with various outcomes [3] [4] [5] [6] 8, 9 . Some authors have preferred open reduction and internal fixation of the proximal part of the humerus with use of intramedullary bone graft combined with internal fixation 4, 5, 9 . Shoulder replacement with an unconstrained anatomic implant has been described as an alternative option 7, [10] [11] [12] [13] . Boileau et al. recommended against the use of an unconstrained shoulder implant for this kind of fracture nonunion because of the high rate of complications and unsatisfactory results 13 . The authors of a recent study of unconstrained shoulder implants for nonunions of the proximal part of the humerus reported a 93% survival rate at twenty years with implant revision as the end point. However, more than 50% of the patients were not satisfied with the result 10 .
Reverse arthroplasty is an effective solution for multiple degenerative conditions of the shoulder, including cuff-tear arthropathy and osteoarthritis of the shoulder with rotator cuff deficiency [14] [15] [16] . Reported outcomes of reverse shoulder arthroplasty in patients with nonunions of the proximal part of the humerus as well as other posttraumatic sequelae are limited in comparison 14, [17] [18] [19] . The purpose of this study was to analyze the clinical and radiographic outcomes as well as the complications following semiconstrained reverse shoulder arthroplasty for the treatment of nonunion of surgical neck fractures of the proximal part of the humerus.
Materials and Methods Demographics
C linical and radiographic data for patients with a nonunion of a fracture of the surgical neck of the proximal part of the humerus treated with a reverse shoulder arthroplasty were collected from six specialized shoulder centers. Thirty-six patients underwent reverse shoulder arthroplasty for this condition between December 1996 and January 2010. Inclusion criteria were (1) a nonunion of the surgical neck of the proximal part of the humerus after two or three-part fractures initially treated either operatively or nonoperatively, (2) ultimate treatment with a reverse shoulder arthroplasty, (3) complete clinical and radiographic documentation before the arthroplasty and at the time of the final follow-up, and (4) a minimum of two years of follow-up.
Thirty-two of the patients (thirty-two shoulders) met the inclusion criteria, and the other four (11%) were lost to follow-up. The mean follow-up was four years (range, two to twelve years). Detailed information on patient demographics is given in Table I .
Clinical Examination
In all of the patients, the active range of motion of the affected shoulder was documented before the arthroplasty and at the time of the most recent follow-up. Elevation of the arm was analyzed in the scapular plane, and external rotation was measured with the arm at the side and the elbow flexed 90°. Internal rotation was graded according to the posterior spinal region that could be reached by the thumb. Elevation and external rotation were measured in degrees with a goniometer, whereas internal rotation was measured according to the highest vertebral level reached by the thumb. The Constant score 19 and its subscores (pain, activity, mobility, and strength)
were analyzed. This 100-point scale is for the assessment of different subjective and objective clinical parameters, with a score of 100 representing the best achievable result and a score of 0 representing the worst possible result. The maximum number of points for the subgroups are 15 for pain, 20 for activity, 40 for mobility, and 25 for strength. Subjective patient satisfaction with the overall outcome was graded as very satisfied, satisfied, somewhat disappointed, and unsatisfied.
Radiographic Examination
An anteroposterior radiograph ( Fig. 1-A) and an axial radiograph were made before shoulder replacement and at the time of the final follow-up. The most recent radiographs were analyzed for scapular notching according to the method of Sirveaux et al. 20 . The occurrence of an inferior scapular spur and signs of loosening of the glenoid and humeral component were examined. All radiographs were analyzed by two experienced shoulder surgeons (P.R. and G.W.).
Operative Technique
Indications for surgery were pain and loss of function of the affected shoulder secondary to nonunion of a surgical neck fracture of the proximal part of the humerus. A deltopectoral surgical approach was used in all patients. Implants remaining from any previous surgery were removed. If the subscapularis tendon was present, it was detached from the lesser tuberosity. The joint was exposed, and a tenodesis of the long head of the biceps was systematically performed. After a periglenoid capsular release, the proximal part of the humerus was exposed. Resection of the humeral head fragment and the greater and lesser tuberosities with the humeral neck was performed in seventeen patients ( Fig. 1-B) . The decision to resect the tuberosities was made by the operating surgeon at the time of surgery. The surgeons who resected the tuberosities did not believe that preserving them would be helpful for the clinical outcome. In the remaining fifteen patients, the proximal part of the head was resected with use of a guide in 155°of inclination and between 0°and 20°of retroversion, preserving the tuberosities. The metaphysis was prepared by hemispherical reamers. The humeral shaft was then prepared, and the glenoid was reamed. A hole was drilled into the glenoid for fixation of the baseplate. The baseplate was impacted in a press-fit fashion and was further stabilized with four screws. A 36-mm glenosphere was used in thirty patients, and a 42-mm glenosphere was used in two. The humeral stem was placed through the proximal humeral fragment with the attached tuberosities and into the humeral shaft. No specific fixation was done to attach the proximal humeral fragment to the stem. The Hardware removal before arthroplasty 4
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*ORIF = open reduction and internal fixation. †All three infections were treated with additional surgery.
humeral stem was cemented in all patients, and the polyethylene insert was chosen on the basis of the intraoperative tension of the deltoid and the experience of the surgeon. The Aequalis reversed shoulder system (Tornier, Bloomington, Minnesota) was used in twenty-six patients, and the Delta system (DePuy, Warsaw, Indiana) was used in six patients. A repair of the subscapularis tendon was possible in twenty patients. Postoperatively, the arms were placed in slings, and pendulum exercises and passive mobility up to the level of the shoulder were allowed for six weeks after surgery.
However, external rotation and motion above the level of the shoulder were not recommended. After six weeks, there was no restriction on active and passive motion.
Statistics
The empirical distribution of continuous outcomes and scores was reported with the mean, standard deviation, and minimum and maximum values, with absolute and relative frequencies for categorical outcomes. Possible treatment 2072
effects (preoperative and postoperative comparisons) were proofed with use of a one-sample t test for continuous outcomes. Differences between subgroups were proofed with the Wilcoxon signed-rank test. Comparisons of categorical data were done with chi-square tests. The level of significance was set at p < 0.05.
Source of Funding
This study was supported by the nonprofit research foundation Stiftung Endoprothetik (Hamburg, Germany).
Results

Clinical Results
T he mean Constant score before surgery was 14.2 points (range, 2 to 35 points), and it increased to 46.6 points (range, 6 to 75 points) after surgery (p < 0.001). The mean shoulder flexion increased from 42.9°(range, 0°to 160°) preoperatively to 109.7°( range, 0°to 170°) postoperatively (p < 0.001; Table II ). The mean external rotation increased from 0.5°(range, 240°to 60°) to 13.1°(range, 230°to 60°) (p < 0.005). At the time of the final follow-up, eleven patients had flexion of £90°and twenty-one had flexion of £100°.
At the clinical examination, patients who underwent a repair of the subscapularis tendon had significantly more strength: a mean of 4.6 points (range, 0 to 20 points [of 25 possible points]) compared with 0.7 points (range, 0 to 6 points) (p < 0.015). No other clinical parameters, nor the rates of dislocations or infections, were influenced by repair of the subscapularis tendon.
The difference in the Constant score between patients with two-part and three-part fractures was not significant at the time of final follow-up (p > 0.75). Resection of the tuberosities had a negative influence on active external rotation. Mean active external rotation for patients who underwent resection of the tuberosities was 3.5°(range, 220°to 30°) compared with 23.6°(range, 230°t o 60°) in patients who did not (p < 0.013). The most recent follow-up results for the Constant score and its subgroups, as well as shoulder elevation, external rotation, and internal rotation, were not influenced by resection of the tuberosities. At the time of final follow-up, twenty-four (75%) of the patients were either very satisfied (n = 6) or satisfied (n = 18) with the results of the procedure. Eight patients (25%) were unsatisfied. All eight of these patients either had a complication or underwent revision surgery.
Radiographic Results
No glenoid or humeral component was loose at the time of the final follow-up. Scapular notching was identified in sixteen shoulders. It was grade 1 in ten patients, grade 2 in three, grade 3 in one, and grade 4 in two. An inferior scapular spur was present in ten patients. The occurrence of an inferior spur or scapula notching had no significant influence on any clinical parameter (p < 0.19). Of the fifteen patients managed without resection of the tuberosities, healing of the tuberosities was observed in three at the time of final follow-up (Figs. 2-A, 2 -B, and 2-C). Mean (Fig. 2-B) and axillary ( Fig. 2-C) radiographs of the right shoulder of the same patient as shown in Figure 2 -A, five years later. There is no loosening of the components, and there is healing at the level of the former nonunion.
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T 17, 2014 flexion in the three patients with healed tuberosities was 150°, with a mean external rotation of 30°.
Complications and Revisions
There were thirteen complications (41%), which led to nine revision surgical procedures (28%). The most common complication was a dislocation of the reverse shoulder implant, which occurred in eleven patients. Nontraumatic dislocations occurred during the first month after arthroplasty in eight patients, and traumatic dislocations occurred in three patients more than one year following surgery. Ten of the eleven patients with dislocations had undergone resection of the tuberosities. In four shoulders, closed reduction was performed, which resulted in one stable shoulder and three chronic dislocations. The mean Constant score of the three patients with chronic dislocations was 26 points (11, 28 , and 39 points). All of them had several comorbidities, and none wanted to undergo further surgery. The other seven patients underwent implant revision, which resulted in a stable shoulder. In three patients, the humerus was lengthened with a metaphyseal augmentation for the humeral component. In two patients, a thicker polyethylene insert was chosen. In another two patients, a longer humeral stem was used to lengthen the humerus with an allograft of the proximal part of the humerus. None of the patients who developed an infection after a previous open reduction and internal fixation had an infection after placement of the reverse shoulder implant. Two of the seven patients with implant revision had an infection postoperatively that led to removal of the implant without reimplantation. Another two patients had a late infection, after two and seven years postoperatively, that required prosthetic removal without reimplantation. All four patients with infections were initially managed with open reduction and internal fixation. The mean Constant score for the patients who underwent resection arthroplasty was 10.8 points (range, 6 to 18 points) at the time of final follow-up. Pain ranged between 5 and 10 points (mean, 7.5 points). All four were unsatisfied with the final result.
There was no statistically significant difference between patients who were initially managed nonoperatively and operatively regarding the occurrence of complications, dislocations, or revision surgery (p > 0.27). Patients with resection of the tuberosities had significantly more complications (p < 0.035) and dislocations (p < 0.007). There was no significant difference in complications between patients with two-part and three-part fractures (p > 0.31).
Discussion
T reatment of fracture nonunions of the proximal part of the humerus is challenging, and various surgical options have been described [3] [4] [5] 7, 9, 12, 13 . Boileau et al. published a radiographic classification system for fracture sequelae of the proximal part of the humerus and used this system to clarify indications for shoulder arthroplasty 13 . They described four different types of fracture sequelae, divided into intrascapular and extracapsular disorders. Nonunions of the surgical neck of the proximal part of the humerus were classified as extracapsular type-3 lesions. In their multicenter series of type-3 lesions treated with anatomic shoulder arthroplasty, the authors reported unsatisfactory results and a high complication rate (32%). They described this type of fracture sequela as a relative contraindication for anatomic shoulder arthroplasty.
Recently, Duquin et al. reported on what we believe is the largest series of patients in the literature with nonunions of the surgical neck of the humerus who underwent anatomic shoulder arthroplasty 10 . They found significant improvements in both shoulder flexion (from 46°preoperatively to 104°postopera-tively) and external rotation (from 26°preoperatively to 50°p ostoperatively). Although pain decreased and function of the upper extremity improved, more than 50% of the sixty-seven patients were not satisfied with the result after a mean followup of nine years. Implant survival with revision as the end point was 93% at twenty years, but the authors reported fourteen complications (21%) and twelve reoperations (18%). They found that healing of the tuberosities had a positive effect on the clinical outcome. Active shoulder flexion was only slightly superior in our cohort with the use of a reverse shoulder arthroplasty compared with the results reported by Duquin et al. in their series of patients managed with anatomic shoulder arthroplasty. Moreover, they reported a higher rate of implant survival and had a longer follow-up period.
Reverse shoulder arthroplasty has demonstrated excellent midterm and long-term clinical results in patients with massive tears of the rotator cuff with and without degenerative changes of the glenohumeral joint and for the treatment of cuff-tear arthropathy [14] [15] [16] 21 . On the basis of these findings, the indications for reverse shoulder arthroplasty have expanded. Some studies have also had more favorable outcomes for reverse shoulder arthroplasty compared with hemiarthroplasty in the treatment of acute fractures of the proximal part of the humerus in the elderly population 22, 23 . However, little information exists on the outcome of reverse shoulder arthroplasty for fracture sequelae of the proximal part of the humerus, especially for type-3 lesions.
The largest series that we are aware of in the literature on reverse shoulder arthroplasty for the treatment of nonunions of the proximal part of the humerus was by Martinez et al., in 2012 18 . They followed eighteen patients for a mean of two years. They reported functional results according to the Constant score, shoulder mobility, and patient satisfaction that were comparable with our results. However, Martinez et al. also reported a high complication rate: five of eighteen. Four (22%) of the eighteen patients required revision surgery because of deep wound infections (n = 2) or dislocations (n = 2). The rate of dislocations was substantially higher in our study. Martinez et al. described the use of a proximal part of the proximal humeral allograft fixed with cerclage wires around the remaining humerus in patients with marked bone loss. Moreover, they always used eccentric glenospheres and in seven (39%) of the eighteen patients, a large (42-mm) glenosphere. In patients with a dislocation, they changed the 36-mm glenosphere to a 42-mm component, and the shoulders remained stable afterward. They concluded that a 42-mm glenosphere should be used for this disorder whenever possible.
Although our study demonstrated improvement in functional outcome, there was a high complication rate. Dislocation was the most common complication and was associated with resection of the tuberosities of the proximal part of the humerus. An important reason for instability may be the removal of all aspects of the rotator cuff. We agree with the recommendations of Martinez et al. 18 that a 42-mm glenosphere may be helpful to avoid instability in these patients. Moreover, the potential failure to restore the correct humeral length of the affected arm could be a reason for the high rate of dislocation in our study. Lädermann et al. described an objective method for restoration of correct humeral length and correct tensioning of the deltoid muscle after reverse shoulder arthroplasty with the use of radiographs of both humeri 24 . In their patients without a dislocation, the mean arm lengthening was 23 mm. In patients with a dislocation, the affected arm was too short.
Most of the patients included in our multicenter study were managed before the recommendations of Lädermann et al. were published 24 . Therefore, bilateral radiographs of the humeri were not performed in a standardized fashion. Especially in patients with loss or resection of the tuberosities, correct positioning of the humeral component for restoration of arm length and deltoid tension can be difficult. Although only experienced surgeons performed the arthroplasties, the intraoperative softtissue tension was potentially underestimated here, probably because of scar tissue, which led to a high rate of dislocations.
Trappey et al. reported on the instability and infection rates after reverse shoulder arthroplasty for different pathological conditions 25 . They found a dislocation rate for patients with fracture sequelae of the proximal part of the humerus that was similar to the rate in our study (approximately 28% in both). Some other series of reverse shoulder arthroplasty for the treatment of nonunions of the proximal part of the humerus have been reported 14, 17, 21 . The numbers of patients available in these studies were very low, and the duration of follow-up was short. However, there seems to have been the same trend in all of these case series: the complication and revision rates in patients with fracture sequelae of the proximal part of the humerus, especially for type-3 lesions, were high compared with those in patients with the diagnoses of cuff-tear arthropathy or osteoarthritis with massive cuff tears 14, 17, 18, 21, 25 . We believe that it is important to perform prospective randomized studies with patients who have a nonunion of the proximal part of the humerus and osteoarthritis of the glenohumeral joint to compare the results of anatomic and reverse shoulder arthroplasty. Whenever a reverse shoulder arthroplasty is performed, surgeons should try to preserve the tuberosities and the rotator cuff to avoid dislocations.
This study has several limitations. It has a retrospective design, and multiple surgeons were involved. The operative technique and postoperative rehabilitation protocols may have been slightly different across centers, and multiple examiners performed the clinical examinations. A further statistical limitation is that we were able to perform only a univariate analysis and not a multivariate analysis, so we were not able to determine the independence of any of the factors analyzed.
In conclusion, fracture nonunions of the proximal part of the humerus can be treated with reverse shoulder arthroplasty. Although clinical parameters improved significantly, we found an unacceptably high rate of dislocations that was associated with intraoperative resection of the tuberosities. Careful attention to technical aspects of the procedure, including preservation of the tuberosities, preoperative planning for restoration of the correct length of the arm, and the use of large glenospheres may reduce the high dislocation rate. n NOTE: The nonprofit research foundation Stiftung Endoprothetik (Hamburg, Germany) supported this study. 
